Introduction {#s1}
============

In 2018, approximately 23,800 adults and 3,560 children in the US were diagnosed with malignant primary brain or spinal cord tumors, and soberingly, 16,830 adult deaths were attributed to inadequate treatment of these primary CNS tumors ([@B1]). Approximately 75% of aggressive brain cancers in humans are classified as malignant gliomas and the prognosis for patients with either anaplastic astrocytoma (grade III) or glioblastoma multiforme (GBM; grade IV) is poor due to the invasive nature of these neoplasms. Even with multimodality therapies including surgery and radiochemotherapy, median survival times for patients diagnosed with anaplastic astrocytoma or GBM are less than 36 or 15 months, respectively ([@B2]).

Paralleling the aggressive disease course of invasive malignant gliomas, higher grade meningiomas (WHO grades II and III) referred to as atypical and anaplastic, respectively, remain clinically problematic in a subset of human patients. For atypical and anaplastic meningiomas, the likelihood of local recurrence is 29--52% and 50--94%, respectively ([@B3]), and is driven by the brain invasive characteristics of these higher grade meningiomas ([@B4]--[@B7]). Of exceptional gravity are the outcomes for patients diagnosed with anaplastic meningiomas, where the average 5-year survival rates range from 30 to 60% ([@B8], [@B9]).

Since there have been few improvements in the treatment of malignant glial tumors and invasive meningiomas over the past decade, the discovery of new treatments for malignant CNS tumors are needed to improve long term outcomes in these affected patient populations. To identify and validate druggable targets and novel treatment strategies, the inclusion of model systems that most faithfully recapitulate the natural course of brain cancer initiation, promotion, and progression should be included into the therapeutic development path. Collectively, the scientific community has utilized diverse experimental systems and comparative models to advance the study of CNS malignancies, including dogs with spontaneously-arising brain cancer ([@B10]--[@B13]).

Similar to humans, primary brain tumors are a significant cause of morbidity and mortality in dogs, affecting up to 4.5% of the aged population ([@B14]). The most common CNS brain tumors in dogs are meningiomas (\~45--50%), gliomas (\~40--70%), and choroid plexus neoplasms (\~5--7%) ([@B15]--[@B18]). Treatment options for dogs with brain cancer include surgery, radiation therapy, chemotherapy, or a combination of modalities ([@B19]--[@B23]). Since the tumor incidence, tumor histologies, and molecular genetic features of canine brain tumors are remarkably similar to their human counterparts, this positions dogs uniquely as translational models for human brain cancer biology and investigational therapeutic research ([@B15], [@B16], [@B24]--[@B27]).

In both humans and companion animals, there is a need to identify effective treatment modalities for brain tumors, especially those that are difficult to resect, with the aims to significantly improve quality of life and survival times. In the age of personalized medicine, ideal therapeutics should target molecular aberrations within the cancer cell population, while sparing normal tissues from potentially harmful side effects. In both the human and veterinary literature, evasion of apoptosis is a common cellular transformation in intracranial neoplasms ([@B28]--[@B33]). As such, treatment strategies that selectively activate programmed cell death in CNS tumor cells have potential to improve long term outcomes in patients diagnosed with malignant brain cancers.

PAC-1 is a blood-brain barrier (BBB) penetrant, small molecule, pro-apoptotic activator of procaspase-3 (PC-3), that possesses favorable pharmacokinetics, tolerability, and synergistic activities when combined with conventional treatment modalities in animal models of glioma, including naturally-occurring brain cancer in pet dogs ([@B34]). Mechanistically, PAC-1 activates PC-3 *in vitro* and in cancer cells through the chelation of inhibitory zinc ([@B35], [@B36]), and based upon PAC-1\'s binding affinity for zinc (*K*~d~ \~40 nM), selective chelation of labile zinc from PC-3 is achieved in the absence of disrupting the function of proteins containing essential zinc ions ([@B37]). Importantly, cellular sensitivity to apoptosis induction with PAC-1 is associated with the resting cellular PC-3 concentration, and given many malignantly transformed cells have elevated PC-3 levels, PAC-1 therapy allows selective induction of apoptosis of cancerous cells ([@B38]). While PAC-1 has demonstrated promising preclinical activity in murine and canine models of glioma ([@B34]), whether PC-3 is robustly overexpressed and a conserved therapeutic target in naturally-occurring human and canine brain cancer malignancies has not been systematically evaluated. To address this gap in current knowledge, we sought to investigate PAC-1\'s broader applicability for the treatment of various brain cancer malignancies, as well as to justify the inclusion of pet dogs as a comparative tumor model for PC-3 activating strategies, we performed large-scale validation of PC-3 as a druggable target across 651 human and canine brain tumor samples, evaluated the prognostic significance of PC-3 expressions in human glial tumors, and tested sensitivity of immortalized glioma cell lines to PAC-1 under biologically achievable conditions.

Materials and Methods {#s2}
=====================

Cell Lines
----------

Two human glioma cell lines, U118-MG and U87-MG from ATCC (Manassas, VA), and IOMM and KT21 human meningioma cell lines were provided by Gregory Riggins (Johns Hopkins University). Three canine glioma cell lines, SDT-3g, GO6A, and J3T-Bg, were provided by Peter Dickinson (UC Davis). Cells were cultured at 37°C in Dulbecco\'s Modified Eagle\'s Medium (DMEM) supplemented with penicillin (100 IU/mL), streptomycin (100 IU/mL), and 10% fetal bovine serum with 5% CO~2~. Cell cultures were maintained in subconfluent monolayers and passaged 2--3 times weekly as needed. Cell lines were tested by STR (short tandem repeat) analysis at the University of Arizona (human) and at the Flint Animal Cancer Center Cell Line Validation Core at Colorado State University (canine).

Antibodies
----------

Antibodies and their manufacturers, isotypes, pretreatments, dilutions, and times of application are provided in [Table 1](#T1){ref-type="table"}. Antibodies were purchased from the listed manufacturer or were provided by Stéphane Lezmi.

###### 

Antibodies.

  **Antibody**                       **Manufacturer**                       **Host & Isotype**                      **Pre-treatment**        **Dilution**   **Time**   **Staining**
  ---------------------------------- -------------------------------------- --------------------------------------- ------------------------ -------------- ---------- --------------
  Procaspase-3, \#ab32150            Abcam, Cambridge, MA                   Rabbit monoclonal IgG                   Diva Decloaker           1:3,000        30 min     Automated
                                                                                                                    5 min                                              
  Caspase-3, \#ab13585               Abcam, Cambridge, MA                   Mouse monoclonal IgG1                   Diva Decloaker           1:100          60 min     Automated
                                                                                                                    5 min                                              
  Calbindin-D, \#c9848               Sigma-Aldrich, St. Louis, MO           Mouse monoclonal IgG1                   Diva Decloaker           1:3,000        30 min     Automated
                                                                                                                    5 min                                              
  Caspase-3, \#ab2171                Abcam, Cambridge, MA                   Mouse monoclonal IgG2a                  Diva Decloaker           1:50           60 min     Automated
                                                                                                                    5 min                                              
  GAD67, \#mab5406                   Millipore, Billerica, MA               Mouse monoclonal IgG2a                  Diva Decloaker           1:800          30 min     Automated
                                                                                                                    5 min                                              
  Doublecortin, \#ab18723            Abcam, Cambridge, MA                   Rabbit polyclonal                       Citrate 40 min at 87°C   1:3,000        8 hr       Manual
  NeuN, \#ab177487                   Abcam, Cambridge, MA                   Rabbit monoclonal                       Citrate 30 min at 97°C   1:1,000        30 min     Manual
  GFAP, \#Z0334                      Dako, Santa Clara, CA                  Rabbit monoclonal                       Trypsin 10 min at 37°C   1:500          30 min     Manual
  Green fluorescent antibody, A865   ThermoFisher Scientific, Waltham, MA   Goat anti-Mouse IgG APC                 \-                       1:100          60 min     Manual
  Red fluorescent antibody, A11034   ThermoFisher Scientific, Waltham, MA   Goat anti-Rabbit IgG, Alexa Fluor 488   \-                       1:200          60 min     Manual
  Beta Actin, \#ab6276-100           Abcam, Cambridge, MA                   Mouse monoclonal IgG1                   \-                       1:5,000        30 min     Manual

Cell Protein Collection
-----------------------

Cells were grown in culture until 80--90% confluent. Cells were washed with PBS and trypsinized, then collected via centrifugation and washed again with PBS. Resultant cell pellets were homogenized with 100 μL of M-PER (Pierce, Rockford, IL), then mixed with fresh Pierce protease inhibitor cocktail solution (diluted 1:100 for final working solution). The homogenate was placed on a shaker for 15 min at room temperature (RT). Cellular protein concentrations were determined using a standard assay kit (BCA, Pierce, Rockford, IL).

Tissue Collection
-----------------

Tissues were collected from previously euthanized shelter dogs. Brains were collected within 5 h of death from 21 dogs with no prior history of clinically overt systemic illness. Sections of the cerebral cortex, hippocampus, cerebellum, and brain stem (obex) were taken from each dog; samples from each anatomic area were preserved both in 10% buffered formalin and via flash freezing with dry ice. Frozen samples were stored at −80°C until analysis. Small sections of frozen tissue were weighed and then added to an Eppendorf tube with Tissue Protein Extraction Reagent (T-PER, Pierce, Rockford, IL) at recommended concentrations and manually homogenized. The tissue sample was placed on a shaker for 15 min at RT, then centrifuged. Supernatants were collected and used to determine protein concentration using a standard assay kit (BCA, Pierce, Rockford, IL).

Western Blot Analysis
---------------------

For evaluation of procaspase-3, PARP, cleaved PARP, and XIAP expressions, 50 μg samples of cells were electrophoresed on 12% polyacrylamide gel, and then transferred electrophoretically to a nitrocellulose membrane. Beta-actin (Abcam \#ab6276-100, Cambridge, MA) was used as a loading control. Band intensity was measured with Image Lab computer software (v. 6.0.0, BioRad Laboratories, Hercules, CA).

Immunohistochemistry
--------------------

Formalin-preserved samples were fixed for 24 h, then paraffin-embedded. Immunohistochemical (IHC) staining was performed using an indirect immunoperoxidase technique with diaminobenzidine (DAB) as the chromogen for procaspase-3 (PC-3), caspase-3 (C-3), and isotype controls (GAD67 and Calbindin-D-28K). For these antibodies, IHC staining was performed using an autostainer (intelliPATH FLX, Biocare, Concord, CA). Processed slides were deparaffinized in xylene and rehydrated in alcohol. Endogenous peroxidase activity was blocked with Biocare \#PX968 Peroxidazed 1 at RT for 5 min, rinsed with TBS wash buffer, and then incubated for 10 min at RT with Biocare \#BP974 Background Punisher. Slides were incubated with procaspase-3 antibody (Abcam \#ab32150) for 30 min, washed, and then incubated with Rabbit-on-Canine HRP-Polymer (Biocare \#RC542) for 30 min. Slides were washed with TBS, then the reaction was developed using DAB substrate for 5 min. Slides were counterstained with Mayer\'s hematoxylin. Human tonsil and canine lymph node served as species-specific negative and positive controls.

Additionally, canine brain tissue with moderately intense PC-3 staining was further evaluated using double fluorescent staining, in which PC-3 or PC-3 and caspase-3 (C-3) staining was coupled with doublecortin, GFAP, NeuN, or synaptophysin. Slides were deparaffinized in xylene twice for 5 min. Slides were rehydrated with 100% ethanol, twice for 3 min, and once with 95% ethanol for 1 min. The slides were rinsed in distilled water prior to receiving pre-treatment, as outlined in [Table 1](#T1){ref-type="table"}. Slides were rinsed in PBS-Tween 20 two times for 2 min. Slides were blocked with 1% BSA and incubated with both primary antibodies for 1 h at RT. Slides were rinsed in PBS-Tween 20 twice for 3 min, incubated with secondary fluorescent antibodies in PBS for 30 min, and then rinsed in PBS-Tween 20 twice for 3 min. Slides were counterstained with DAPI for 20 min at RT, and then rinsed in PBS-Tween 20 twice for 2 min. Slides were cover-slipped with anti-fade fluorescent mounting medium. Canine lymph node served as negative and positive control. Slides were imaged with a Zeiss LSM 700 confocal microscope.

Immortalized Glioma and Meningioma Cell Sensitivity to PAC-1
------------------------------------------------------------

All cells were allowed to attach to cell culture plates at least 24 h prior to treatment. A DMSO vehicle control was used in all experiments. Cell viability was assessed using a CellTiter-Blue assay (Promega, Fitchburg, WI). For each cell line evaluated, 2000 cells were seeded in 100 μL of complete media in 96-well plates. Cells were treated with 72-h continuous PAC-1 therapy at doses ranging 0.1--100 μM. Following the study period, cell viability was assessed with the CellTiter-Blue reagent and readout from a fluorescent plate reader. In all cases, dose-response curves and IC~50~ determinations were performed with Origin software (v. 10.4.12.59996, OriginLab, Northampton, MA). For the demonstration of PAC-1 mechanistic activity, immortalized glioma and meningioma cell lines were grown in 6 well plates until confluence, and then exposed to PAC-1 at various concentrations (0 \[DMSO vehicle\], 6.25, 12.5, 25, and 50 μM) for 24 h prior to whole protein lysate collection and analysis by western blot for PARP and cleaved PARP.

*In vivo* Activity of PAC-1 for Delaying Intracranial Glioma Growth
-------------------------------------------------------------------

All animal procedures were approved by the University of Illinois IACUC (Institutional Animal Care and Use Committee; protocol \#15030). 8-week-old female intact C57BL/6 mice were obtained from Charles River. Mice were allowed to acclimate to their new environment at least 7 days prior to cell implantation. The day prior to surgery, mice were anesthetized using 2--3% isoflurane in an induction chamber, then were maintained on 1.5--2% continuous flow isoflurane via a nose cone. A \~1 cm square area was shaved caudal to the orbit and just to the right of midline in preparation for surgery. A small amount of Nair hair removal cream was used to remove residual fur. On the day of surgery, media containing non-adherent GL261 neurospheres was collected. Collected GL261 cells were centrifuged at 1,500 rpm at 4°C for 5 min and viability assessed with trypan blue exclusion. GL261 cells were washed twice with Hanks Balanced Salt Solution (HBSS), then suspended in a solution of 50,000 cells/0.5 μL and placed on ice. Mice were induced and anesthetized as previously described and a 5 mm incision was made slightly to the right of midline and just caudal to the orbit. A Stereotaxic unit was used to place the cellular implantation site +0.55 mm anterior and 2.5 mm to the right of the Bregma. The skull was punctured using a 27 g needle mounted on the Stereotaxic holder. A 0.5 μL Hamilton syringe with a 33 g needle was advanced −3.5 mm ventral to the skull surface. GL261 cells were injected over a period of 1 min, and 2 min were given to allow back pressure to dissipate. The syringe was slowly raised over 30 s. The incision site was closed with a small drop of VetBond. Mice were placed in individual clean cages to allow the incision sites to heal.

Mice were imaged with MRI at days 10 and 29 following GL261 tumor implantation. Data was acquired on a vertical bore imaging scanner (Oxford Instruments, Abington, UK) equipped with a Unity/Inova console (Varian, Palo Alto, CA), operating at 14.1 T and dedicated to small animal studies. A recently patented radiofrequency coil and holder, specifically designed for mouse brain MRI/MRS, was employed to make experimental studies more informative and efficient (B.Odintsov "Tunable Radiofrequency Coil," US Patent \#US 8,049,502 B2; November 1, 2011). Tumor volumes were calculated using ImageJ software. Mice received 10 days of PAC-1 (*n* = 4) or sham therapy (*n* = 4) prior to a follow-up MRI on day 29 post-implantation. Sham therapy mice received HPβCD vehicle control every 12 h via oral gavage, experimental mice received PAC-1 (100 mg/kg) in HPβCD vehicle every 12 h via oral gavage. Oral PAC-1 was administered on a 5 day treatment, 2 day off schedule.

Scoring of Immunoreactivity Data
--------------------------------

Three commercial human microarrays (MG801a, GL2082, and GL2083a, US Biomax, Inc., Rockville, MD) and three additional human microarrays and tissues from normal human hippocampus and medulla (courtesy Charles Eberhart, Johns Hopkins University) were evaluated for PC-3 staining intensity. The use of human tissue samples in the research conducted was approved by the Human Subjects Institutional Review Board at the Johns Hopkins University. Additionally, three canine glioma microarrays (courtesy Peter J. Dickinson, UC-Davis) and 32 archived samples from the University of Illinois Veterinary Diagnostic Laboratory were evaluated for PC-3 immunostaining using ab32150 (Abcam, Cambridge, MA). Samples were assigned a numerical designation, and a random number generator was used to select each sample prior to evaluation.

Five hundred cells---or as many as were available---from each sample were graded by one observer (LJS) on a continuous grading scale, and the percentage of negative, faintly staining, moderately staining, and strongly staining cells were recorded (see [Figure 1](#F1){ref-type="fig"} for illustration). Negatively staining samples contained \< 10% positive cells. Cells that had \< 50% cytoplasmic staining were graded as "faintly stained," those with \>50% cytoplasmic staining were graded as "moderately stained," and those with \>50% cytoplasmic staining and in which nuclear detail was obscured by staining intensity were categorized as "strongly stained." Manual grading was repeated three times for each sample to ensure consistency; although cell percentages differed slightly between observations for the same tumor, the final manual tumor grade was the same in each case.

![Representative illustrations and images to demonstrate cell grading criteria. **(A)** Left to right- Negative cells contained no cytoplasmic staining for PC-3; faintly positive cells had \< 50% cytoplasmic staining; moderately positive cells had ≤ 50% positive cytoplasmic staining; and strongly positive cells had extensive cytoplasmic staining obscuring cellular nuclear detail. **(B)** Left: unaltered view of PC-3 immunostaining from a malignant canine astrocytoma. Right: Same image with representative cells in color, while the background cells are faded; from left to right: (1) a strongly staining cell, (2) a negatively staining cell, (3) a moderately staining cell, and (4) a faintly staining cell. **(C)**: Representative images of canine meningioma samples (top row) and astrocytoma tissue microarray cores (bottom row) that were graded following evaluation of 500 cells using the above criteria.](fonc-09-00096-g0001){#F1}

Microarray samples were secondarily evaluated using the iCyte automated imaging cytometer (Model TLC 1413, ThorLabs, Newton, NJ). The iCyte is a laser-scanning microscope that combines digital imaging with real time population data analysis of analytical cytometry; in additional to detecting fluorescence, the iCyte is able to detect and quantify the amount of DAB chromogen staining. Gates were set using examples of each staining category from manually graded samples. When there were multiple cores of tissue available for a single case, the mean percentages of faintly, moderately, and strongly positive cells were used to determine a final grade for the sample. Normal tissue was used to establish the threshold between negatively and positively staining tumor samples. For the canine samples, sections of normal brain were used as negative controls. For human tissues, microarray cores and tissues (courtesy Charles Eberhart, Johns Hopkins University) were used as negative controls. Raw grading scores were determined using the following formula:
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PC-3 immunostaining grades were assigned based on natural numeric cutoffs observed following use of this formula, and tumors were categorized as negative for scores \< 10, grade 1 or faintly staining for scores \< 50, grade 2 or moderately staining for scores \< 150, or grade 3 or strongly staining for scores \>150.

Results {#s3}
=======

Procaspase-3 Is Expressed Predictably and at Low Levels in the Normal Human and Canine Brain
--------------------------------------------------------------------------------------------

Based upon our standardized grading scheme ([Figure 1](#F1){ref-type="fig"}), within human control tissues, there was minimal PC-3 staining in human cerebral white matter and cerebellum samples. Staining was generally mild and cytoplasmic, with occasional fine, punctate nuclear staining observed in some areas. There was more intense immunostaining in the cerebral gray matter and hippocampus than in the cerebral white matter or cerebellum ([Figure 2A](#F2){ref-type="fig"}).

![**(A)** Representative PC-3 IHC images from human and canine brain samples (DAB and hematoxylin, 200x). **(B)** Representative PC-3 expressions in normal control dog brains by immunohistochemistry and western blot analysis. Cb, cerebellum; Ctx, cerebral cortex; BS, caudal brain stem (obex); HC, hippocampus. Note increased WB and IHC PC-3 expression in the cortex and hippocampus as compared to the brain stem and cerebellum in all dogs. A consistent IHC staining pattern was seen in all 21 control dogs. **(C)** Representative double fluorescent immunostaining of normal canine brain, 400x. Blue stain: DAPI; Green stain: PC-3 and Caspase-3 (C-3) for all tissues except cerebellum with synaptophysin (PC-3 only); Red stain: clockwise from top left: cerebellum: synaptophysin, cerebellum: GFAP, cortical gray matter: NeuN, brain stem: GFAP, hippocampus: doublecortin, cerebellum: synaptophysin. All canine tissues are from Normal Dog 4, the control dog that exhibited the most intense PC-3 staining.](fonc-09-00096-g0002){#F2}

Similarly, a comparable PC-3 immunostaining pattern was observed in all normal canine brains ([Figure 2A](#F2){ref-type="fig"}). Macroscopically, in the five anatomic regions sampled, PC-3 expression appeared strongest in the hippocampus, particularly in the dentate gyrus, and in the cerebral cortical gray matter ([Figure 2B](#F2){ref-type="fig"}). Likewise, there was less intense immunostaining in the brain stem and cerebellum. Immunoblotting for PC-3 using flash-frozen sections of canine brain corroborated these IHC findings ([Figure 2B](#F2){ref-type="fig"}). Although the staining pattern in these various anatomic areas was consistent among the dogs sampled, there was subtle inter-individual variability in the PC-3 immunostaining intensity. By confocal fluorescent microscopy, subcellular localization of PC-3 staining was identified to be occasionally within neurons, and consistently in synaptic-like structures on the neuronal membranes, dendrites and axons throughout the normal canine brain ([Figure 2C](#F2){ref-type="fig"}).

Procaspase-3 Is Overexpressed in Intracranial Neoplasms
-------------------------------------------------------

In 477 human and 174 canine tumors, PC-3 was overexpressed based on IHC relative to normal brain tissue ([Figure 3A](#F3){ref-type="fig"}). Specifically, 62% (211/343) of human astrocytomas and 83% (31/37) of canine astrocytomas overexpressed PC-3. Within this subset of tumors, low histologic grade astrocytomas had less intense PC-3 expression as compared to high histologic grade astrocytomas in both species ([Figures 3B,C](#F3){ref-type="fig"}). 70% (73/104) of human meningiomas and 92% (24/26) of canine meningiomas overexpressed PC-3, while 70% (21/30) of human oligodendrogliomas and 73% (81/111) of canine oligodendrogliomas overexpressed PC-3 ([Figures 3B,C](#F3){ref-type="fig"}, respectively). In 32 cases of primary canine brain tumors from archived cases at the University of Illinois Veterinary Diagnostic Laboratory, 87.5% (28/32) of tumors overexpressed PC-3 relative to the normal brain tissue obtained from cadaver dogs.

![Graphical summary, PC-3 immunoreactivity for all tumor histologies evaluated. **(A)** Most intracranial neoplasms in both humans and dogs overexpress PC-3 (red shading). Identified PC-3 grading patterns in **(B)** 477 primary brain tumors in humans and **(C)** 174 primary brain tumors in dogs. Note that high-grade astrocytomas tend to stain more intensely for PC-3 than their less malignant counterparts in both species.](fonc-09-00096-g0003){#F3}

A Kappa statistic, which measures inter-observer variation, was \>0.81 for both human and canine samples, consistent with almost perfect agreement between manual and iCyte automated cytometer tumor grading ([@B39]). For human samples, Kappa = 0.92 (95% confidence interval: 0.89--0.95), and for canine samples, Kappa = 0.88 (95% confidence interval: 0.84--0.92). For all samples considered, Kappa = 0.90 (95% confidence interval: 0.88--0.93).

Immortalized Glioma and Meningioma Cell Lines Are Sensitive to PAC-1 Therapy at Biologically-Relevant Concentrations
--------------------------------------------------------------------------------------------------------------------

Western blot evaluation across human and canine brain cancer cell lines showed expression of a 32 kDa protein product consistent with PC-3 ([Figure 4A](#F4){ref-type="fig"}). Corroborating the western blot findings, IHC-stained cell pellets derived from the same cell lines also identified robust positive staining for PC-3 in both human and dog-derived cell lines. In addition to PC-3, the expression of XIAP, a member of the inhibitor of apoptosis family proteins (IAP) that negatively regulate executioner caspases, was identified in all cell lines ([Figure 4B](#F4){ref-type="fig"}). *In vitro*, PAC-1 induced cell death in all immortalized cell lines at biologically-relevant concentrations; [Figure 4C](#F4){ref-type="fig"} shows representative IC~50~ dose response curves for individual cell lines, and [Table 2](#T2){ref-type="table"} shows aggregate IC~50~ data from 72 h of continuous exposure to PAC-1 for all human and canine cell lines. There was no correlation identified between IC~50~ values and basal expressions of PC-3, XIAP, or the ratio of PC-3/XIAP across the cell lines (data not shown). Supporting PAC-1\'s mechanism of action, exposures to PAC-1 for 24 h across a range of concentrations (vehicle, 6.25, 12.5, 25, and 50 μM) demonstrates consistent activation of caspase-3 activities represented by either degradation of PARP, accumulation of cleaved PARP, or the combination ([Figure 4D](#F4){ref-type="fig"}).

![**(A)** Western blots and immunohistochemistry of two human glioma cell lines (U87, U118), two human meningioma cell lines (IOMM and KT21), and three canine glioma cell lines (GO6A, J3TBg, SDT3g), showing positive expression of PC-3; cell pellet immunostaining with Abcam ab32150; 200x, DAB and hematoxylin. Cell pellet images correlate with the cell lines shown in the Western blot. **(B)** Expression of XIAP detected by western blot across human and canine cell lines. **(C)** Representative dose-response curves for each cell line demonstrating conserved sensitivity to PAC-1 in culture at biologically-relevant concentrations and durations of exposure. **(D)** Processing of caspase-3 downstream substrate, PARP, in 3 representative cell lines (human- U118 and KT21; canine SDT3g) following exposure to PAC-1 for 24 h at 0, 6.25, 12.5, 25, and 50 μM (gradient). Variable processing of PARP represented by PARP degradation only (SDT3g), generation of cleaved PARP only (KT21), or combination (U118). Black arrowhead (PARP); red arrowhead (cleaved PARP).](fonc-09-00096-g0004){#F4}

###### 

Cell lines used in this study.

  **Cell Line**   **Species**   **Cell line type**   **72h PAC-1 IC50 (μM)**
  --------------- ------------- -------------------- -------------------------
  U87-MG          Human         Glioma               15.2 ± 2.8
  U118-MG         Human         Glioma               19.9 ± 7.7
  IOMM            Human         Meningioma           4.25 ± 0.7
  KT21            Human         Meningioma           6.5 ± 0.5
  GO6A            Canine        Glioma               14.9 ± 6.1
  J3TBg           Canine        Glioma               3.3 ± 0.1
  SDT3g           Canine        Glioma               10.7 ± 3.7

PAC-1 Attenuates Growth of Murine GL261 glioma
----------------------------------------------

The murine glioma cell line, GL261, robustly expresses PC-3 ([Figure 5A](#F5){ref-type="fig"}) and is sensitive to the apoptosis inducing activities of PAC-1 at low micromolar concentrations ([Figure 5B](#F5){ref-type="fig"}). Intracranial implantation of 50,000 GL261 neurospheres into C57BL/6 female mice generates with high penetrance variably sized gadolinium contrast enhancing tumors 10-days following implantation ([Figure 5C](#F5){ref-type="fig"}, left). The median and range of GL261 tumor volumes prior to treatment (day 10) were similar between sham vehicle (1.5 mm^3^; range 0.02--3.1 mm^3^) and PAC-1 (1.5 mm^3^; range 0.09--3.4 mm^3^) treated mice. Over a course of 19 days, GL261 tumors grow rapidly into large, spacing occupying lesions ([Figure 5C](#F5){ref-type="fig"}, right); with the median GL261 tumor volumes in sham vehicle treated mice being 449.2 mm^3^ (range 9.1--1747.6 mm^3^) compared to PAC-1 treated mice being 59.5 mm^3^ (range 1.3--141.2 mm^3^; [Figure 5D](#F5){ref-type="fig"}); however, the relative tumor-fold increases failed to reach statistical significance.

![**(A)** Immunohistochemical and western blot detection of PC-3 in the murine glioma cell line, GL261; positive human controls U87MG and U118MG included as comparative references. **(B)** GL261 *in vitro* dose-dependent sensitivity to PAC-1 following 72 h of exposure. **(C)** Reliable induction of orthotopic tumors 10 days following the stereotactic-guided intracranial injection of 50,000 GL261 neurospheres (Left) with subsequent rapid growth over a period of 19 days (Right); gadolinium contrast enhancing tumors identified with yellow ellipses. **(D)** Variable attenuation in GL261 orthotopic growth in mice receiving oral PAC-1 (100 mg/kg) twice daily for 10 treatments compared to sham vehicle treated mice; difference not statistically significant.](fonc-09-00096-g0005){#F5}

Procaspase-3 IHC Expression Correlates With Tumor Histologic Grade and Survival
-------------------------------------------------------------------------------

Across CNS malignant histologies in humans, PC-3 expression was strongest in high-grade astrocytomas. To investigate whether PC-3 IHC grading could correlate with survival in human patients diagnosed with astrocytomas, a subset of 157 samples from Johns Hopkins University with clinical outcome-linked data available were evaluated. Survival correlated, as expected, with WHO histologic grade ([Figure 6A](#F6){ref-type="fig"}). Importantly, PC-3 expressions, either graded or dichotomously categorized ([Figure 6B](#F6){ref-type="fig"} or [Figure 6C](#F6){ref-type="fig"}, respectively), correlated with decreased patient survival ([Table 3](#T3){ref-type="table"}). Log rank tests were statistically significant in all cases (*p* \< 0.001).

![Kaplan-Meier curves. Survival was correlated with WHO histologic grade and PC-3 expression in 157 human glioma samples from tissue microarrays. Log-Rank statistical calculation was performed for all curves and *p* was \< 0.001 in each case. **(A)** Survival and WHO histologic Grade. **(B)** Survival and PC-3 immunostaining grade. **(C)** Survival and the presence or absence of positive PC-3 grade. Note that higher grade PC-3 staining is associated with decreased survival.](fonc-09-00096-g0006){#F6}

###### 

WHO histologic grade, survival, and PC-3 grade.

  **WHO histologic grade**   **Grade 1**    **Grade 2**    **Grade 3**        **Grade 4**
  -------------------------- -------------- -------------- ------------------ -------------
  \# Cases                   38             19             14                 86
  \% Censored                97.4%          63.2%          28.6%              26.7%
  MST (Months)               N/A            58.7           37.5               15.3
  **PC-3 grade**             **Negative**   **Grade 1**    **Grade 2 or 3**   
  \# Cases                   67             45             45                 
  \% Censored                59.7%          42.2%          37.8%              
  MST (Months)               24             17             15.3               
  **PC-3 staining**          **Negative**   **Positive**                      
  \# Cases                   54             66                                
  \% Censored                51.8%          18.2%                             
  MST (Months)               25.4           15.3                              

Discussion {#s4}
==========

Malignant gliomas in humans remain clinically challenging to treat given the invasive nature of tumor cells into normal surrounding brain parenchyma, which precludes the feasibility of complete surgical resection in most affected patients. As such, conventional standard-of-care therapy for malignant gliomas in humans is trimodal in nature, inclusive of maximal surgical resection without the creation of unacceptable neurologic deficits, definitive radiation therapy, and adjuvant chemotherapy ([@B2]). Despite a modest therapeutic advance following the introduction of temozolomide therapy in 2005, the median survival time in humans with GBM receiving trimodal therapy is disappointingly short, and has remained static at only 14 months ([@B40]). To potentially improve outcomes for patients diagnosed with GBM, new therapies which are capable of penetrating into the central nervous system compartment and that preferentially induce apoptosis of cancer cells must be identified.

Resistance to normal cellular apoptosis is a hallmark of tumorigenesis, and there are numerous intracellular proteins---including death receptors, mitochondrial pore proteins, and TP53, that can be upregulated or downregulated, leading to inhibition of normal cellular apoptosis in cancer cells ([@B41]). Many efforts have been made to create therapeutics that target dysregulated molecular targets in the apoptotic cascade, yet none have clinically improved outcomes in people with aggressive astrocytomas, such as GBM. Regardless of where upstream cellular mutations occur, both extrinsic and intrinsic arms of the apoptotic cascade converge on the activation of procaspase-3 (PC-3) to caspase-3, the key executioner protease within the cell. Therefore, as a BBB penetrant PC-3 activator, PAC-1 is uniquely positioned as a therapeutic that can circumvent the wide range of upstream apoptotic evasion strategies adopted by cancer cells; and molecularly, it functions via direct chelation of labile cellular zinc with consequent caspase-3 activation and induction of apoptotic cell death ([@B35], [@B42]). While PAC-1 possesses mechanistic advantage for directly activating caspase-3, the existence and dysregulation of IAP family of proteins, such as XIAP residing downstream of executioner caspases that can directly neutralize activated executioner caspases via proteasome degradation ([@B43]), could attenuate the selective anticancer apoptotic properties of PAC-1.

While conceptually attractive to induce programmed cell death through direct PC-3 activation, a concern of using a potent pro-apoptotic compound to treat brain cancer is the potential for off-target effects, resulting in cell death in normal brain tissue. Indeed, PC-3 is ubiquitously expressed in the body, and within the developing nervous system, there is an obligate need for programmed cell death to remove unnecessary neurons and for pruning of neuronal synapses ([@B44], [@B45]). Additionally, caspase-3 activity in C57BL/6 mice has been shown to be important in cognition and behavior, particularly inhibitory control, and is a key player in synaptic homeostasis ([@B46]). In the current study, PC-3 was identified in normal brain structures in both humans and dogs, albeit at much lower expression levels in comparison to malignantly transformed tissues. By immunofluorescence, PC-3 was identified in synaptic-like structures, and it is plausible that this observed localization may indicate participation in synaptic homeostasis, as identified in mice, in higher mammalian species as well. Despite low expressions of PC-3 identified in normal brain tissues, the observation for histopathologic off-target effects in brain tissues have not been observed in preclinical toxicity studies with healthy rodents receiving orally administered PAC-1 at clinically relevant dosages. More importantly and translationally relevant, PAC-1 has been well-tolerated clinically and neurologically in dogs with spontaneous cancers including gliomas, as well as in humans diagnosed with diverse tumor histologies ([@B34], [@B47], [@B48]).

In this study, the potential for PAC-1-mediated PC-3 activation is very pertinent to human oncology, as PAC-1 induces cell death in cancer cells in proportion to the resting PC-3 concentration within the cell ([@B38]), and our findings support PC-3\'s overexpression in the majority of both human and canine brain tumors relative to normal tissues. Given the observed differential in PC-3 expressions, it remains plausible that a therapeutic window exists whereby PAC-1 would preferentially induce apoptosis in malignantly transformed cells, yet spare surrounding brain tissues with substantively lower PC-3 expressions. To guide the identification of a therapeutic PAC-1 concentration range for brain cancer therapy, we showed that low micromolar concentrations of PAC-1 lead to cell death across a panel of immortalized cell lines from both species. However, sensitivity to PAC-1 *in vitro* was not identified to be directly proportional to resting PC-3 alone or in the context of XIAP, a known IAP involved in glioma apoptosis resistance ([@B33], [@B49], [@B50]). Given the multitude of cellular parameters that might influence apoptosis susceptibility and resistance, these findings are not completely unexpected, but rather underscore the complexity of opposing cellular death promoting- and resisting- pathways. Nonetheless and importantly, these *in vitro* concentrations of PAC-1 that reliably induced cancer cell apoptosis are readily achievable in rodents, dogs, and human beings *in vivo* ([@B48], [@B51]). While our *in vitro* data support the role of PAC-1 as a single agent, the greatest clinical benefit to brain cancer patients will likely be achieved through the inclusion of PAC-1 as an adjuvant therapy, a supposition supported by PAC-1\'s demonstrated ability to be safely combined and synergize with diverse agents, including radiation therapy, other apoptosis-activating agents, and temozolomide ([@B34], [@B47], [@B52]).

In addition to PC-3 serving as an attractive therapeutic target, our findings provide preliminary support for the prognostic significance of PC-3 for some brain tumor pathologies. In 157 human astrocytoma samples with outcome linked clinical information, increased expression of PC-3 correlated with increasing histologic grade and decreasing survival time. These observed correlations might have two profound clinical implications. First, because some astrocytomas do not express PC-3 (67 out of 157 samples), there would be molecular justification to stratify cohorts of patients to receive or not receive PAC-1 based upon PC-3 expressions, similar to what is already conventionally practiced for the institution of temozolomide based upon tumoral MGMT hypermethylation status. Second, given the inverse correlation between PC-3 and survival time, these findings imply that PC-3 activating strategies might provide the greatest potential benefit in patients with the gravest prognoses, and adjuvant PAC-1 therapies might maximally extend survival times when instituted early in the planned treatment course for affected patients.

Pet dogs with spontaneous tumors provide a unique comparative opportunity to model human disease, including certain types of brain cancer. Dogs often develop spontaneous brain tumors that are histologically indistinguishable from those seen in humans, and can afford the scientific community with a unique model system to study and characterize novel treatment strategies or devices for improving brain cancer management ([@B10], [@B16], [@B25], [@B34]). While significant justification exists for the inclusion of comparative oncology for expediting drug development efforts, there are some recognized limitations in using canines as a model of human brain cancer. For example, in humans but not in dogs, meningioma COX-2 expression correlates with proliferative index and tumor grade ([@B53], [@B54]), exonic p53 mutations are more common in human than in canine astrocytomas ([@B55]), and there is no correlation between meningioma grade and NF2 expression in canine tumors as is seen in humans ([@B56]). As such, leveraging the unique aspects of comparative oncology should be tailored to the most appropriate disease pathologies, and not considered a "catch all" parallel modeling system.

Given the aggregate data generated in our study, PC-3 appears to be a valid and druggable target for specific brain tumor histologies, particularly high grade astrocytomas; and small molecule activators of PC-3, such as PAC-1, should be further explored for their clinical utility for improving the management of brain tumors overexpressing PC-3. Several chemical and pharmacologic properties of PAC-1 are attractive for the management of brain cancer including its oral administrative route, achievement of predicted therapeutic concentrations which are safe in humans and dogs ([@B34], [@B47], [@B48], [@B51]), and ability to traverse the BBB ([@B36]). Collectively, these data and properties of PAC-1 have led to the conductance of a Phase 1b trial of PAC-1 plus temozolomide in refractory glioblastoma and anaplastic astrocytoma patients (NCT02355525). Although additional study and *in vivo* modeling are needed, these initial data show great promise for PAC-1 as a therapeutic for intracranial neoplasms and for the inclusion of pet dogs with brain cancer as a unique modeling resource for the scientific community.
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